Summary Reactive oxygen metabolites are implicated in the initiation and promotion of cancer. In addition, oxidant scavengers, such as manganese -(Mn-SOD) and copper/zinc -superoxide dismutase (Cu/Zn-SOD), are thought to contribute to colorectal cancer treatment response. In the present study, the prognostic significance of the Mn-and Cu/Zn-SOD antigen content of normal mucosa and carcinomas of 163 patients with colorectal cancer was evaluated in comparison with major clinicopathological parameters, with respect to the 5-year overall survival. The Mn-SOD content of carcinomas was found to be significantty higher than that of normal mucosa, whereas there was no difference in the Cu/Zn-SOD content between the normal mucosa and carcinomas. No association was demonstrable between the Mn-SOD and Cu/Zn-SOD content of the tissues and the assessed clinicopathological parameters (gender, age, localization, differentiation grade, diameter and Dukes' stage), with the exception of the Cu/Zn-SOD and the differentiation grade of the carcinomas. Univariate analysis showed that a high Mn-SOD content of carcinomas was associated with a poor 5-year overall survival of the patients with colorectal cancer. Multivariate analysis including all clinicopathological parameters revealed that this Mn-SOD parameter was prognostically independent. The Mn-and Cu/Zn-SOD content of normal mucosa and the Cu/Zn-SOD content of carcinomas were not associated with the overall survival of the patients. In conclusion, this study demonstrates that for patients with colorectal cancer the Mn-SOD content of colorectal carcinomas has a significant prognostic value that is independent from major clinicopathological parameters, including Dukes' stage.
Reactixve oxygen metabolites (ROMs). i.e. hydrogen peroxide. superoxide anion (O,) and hydroxyI radical (OH) . are inevitable (by)products of aerobic metabolism and are formed continuousIy in Vix o (Sahu. 1991) . A delicate balance betxxteen the Peneration of these toxic and unstable metabolites and the lexels of endogenous antioxidants is of critical importance for normal cell functionin.
When produced excessively or dungnc deficient antioxidant defences. these ROMs can mediate DNA damace. lipid peroxidation. enzyme oxidation. etc.. leading to cellular destruction. chromosomal aberrations and finally to cancer (Slater. 1984 : Borek. 1987 : Farber et al. 1990 : Sahu. 1991 : Guyton and Kensler. 1993 : Wiseman and Hallixxell. 1996 . Paradoxically. chemotherapy. radiation therapy. photodynamic therapy and some cytokine therapies. for example tumour necrosis factor a (TNF-c). haxe been shown to exert part of their therapeutic efficacy by generating large amounts of these noxious radicals to kill tumour cells (Oberley and Buettner. 1979 : Petkau. 1987 : Oberley. 1990 : Sangeetha et al. 1990 ). Therefore. endogenous antioxidant proteins. as a primary defence against these ROM-generating anti-cancer therapies. might play an important role in colorectal cancer therapy resistance.
One of the most important enzymes invol%-ed in the primary cellular defence aoainst these ROMs is superoxide dismutase (SOD) . which detoxifies superoxide anion to hydrogen peroxide.
Studies with cell lines and animal models rexealed the relexance of antioxidants. for example SOD. w-ith respect to the effectixveness and side-effects of colorectal cancer therapies (Petkau. 1987 : Hauser et al. 1990 : Eastgate et al. 1993 : Hirose et al. 1993 : Kizaki et al. 1993 : Urano et al. 1995 : Wong. 1995 . In humans. SOD is known to be present in at least two forms. a constitutiVe cvtoplasmic copper/zinc (Cu/Zn)-SOD and an inducible mitochondrial manganese (Mn -SOD (McCord and Fridoxich. 1969 : Fridoxich. 1975 : Beyer et al. 1991 : Farber. 1994 ). We recently showed that colorectal adenomas. carcinomas and liver metastases are characterized by a significantly increased antigen and activity level of Mn-SOD compared with normal colorectal mucosa. In contrast. no major differences wxere found in the Cu/Zn-SOD levels (Janssen et al. 1997) . Advances in the early diagnosis. screening procedures of hiah-risk individuals. the surgical approach and adjuxant therapy. have hardly changed the prognosis of colorectal cancer in the last few decades (Sinmgce and Mulder. 1991: Greenwald. 1992 : Van Triest et al. 1995 : Winawer. 1995 The tissue was homogenized for 2 min on ice in a Potter S (B Braun). The homogenates were centrifuged twice at 8000g for 2.5 min at 4°C and the final supernatants were stored at -70°C. The protein concentration of the supematants was determined using the method of Lowry et al (1951) . The intra-tumour coefficient of variation of the procedure was assessed by processing six adjacent tissue parts from six different tumours and was found to be 10% (range 4-15%) for the protein extraction.
Standards and antibodies
The standards used were human recombinant (hr) Mn-and Enzyme-linked immunosorbent assay (EUSA) for Cu/Zn-SOD The Cu/Zn-SOD antigen level was determined by a modified ELISA. as described previously (Mulder et al. 1990; G6tz et al, 1996) . Microtitre plates (Dynatech Laboratories. USA: M129A) were coated with affmopurified goat a-human Cu/Zn-SOD (10 jig ml-F in 0.05 M carbonate buffer, pH 9.6) overnight at 4°C. followed by PBST/gelatine [phosphate-buffered saline (PBS) containing 0.05% (v/v) Tween 20 and 0.2% (v/v) gelatine] for 30 min. After washing, 100 gl of each homogenate diluted 1:400 in PBST/gelatin was added in duplicate followed by incubation for 2 h. The plates were then washed and rabbit a4hr)Cu/Zn-SOD polyclonal antiserum (1:2500 dilution in PBST) was added to the wells and incubated for 1 h. The final antibody, a polyclonal goat a-rabbit IgG conjugated to horseradish peroxidase (Dakopatts. P448, 1:5000 dilution in PBST) was preincubated before use with 0.2% preimmune goat serum for 30 min. After an incubation period of 1 h with the final antibody, the plates were coloured with a solution of 40 mg orthophenylenediamine and 40 gl hydrogen peroxide in 100 ml citric acid/phosphate buffer, pH 5.0, for 30 min. The reaction was terminated using 50 gl 2.5 M sulphuric acid. The optical density was read at 492 nm on a Titertek Multiscan (Flow Laboratories. UK) plate reader. The Cu/Zn-SOD concentration was calculated from a standard curve between 1.25 and 30 ng ml-' (hr)Cu/Zn-SOD and expressed per mg protein of the homogenate. The intra-and inter-assay coefficients of variation of this ELISA were 4% and 6% respectively. The intra-tumour coefficient of variation of the Cu/Zn-SOD level was found to be 17% (range 5-32%).
EUSA for Mn-SOD
This procedure is similar to the Cu/Zn-SOD ELISA described previously (Gotz et al, 1996) . The plates were incubated overnight at 40C with an affinopurified rabbit a-(hr)Mn-SOD polyclonal antibody (10 jg mlF in 0.05 m carbonate buffer, pH 9.6). The homogenates were diluted 1:150 and incubated in duplicate for 2 h at room temperature with PBST as assay diluent The standard line of (hr)Mn-SOD ranged from 1.25 to 40 ng ml-'. After incubation with the tissue homogenates, the plates were washed and incubated for 90 min with a rabbit a4hr)Mn-SOD coupled with horseradish peroxidase (1:250 dilution in PBST). After a final wash. bound antibodies were detected as described for Cu/Zn-SOD. The intra-and inter-assay coefficients of variation of this ELISA were 5% and 10% respectively. The intra-tumour coefficient of variation of the Mn-SOD level was 21% (range 9-35%).
Statistical analyses
The significance of the differences in the mean superoxide dismutase antigen levels between different patient and sample groups was assessed by ANOVA and the unpaired Student's t-test, with separate variance estimates if the standard deviations were significantly different according to the F-test. For the statistical survival analyses of this group of patients, the clinicopathological parameters were dichotomized as follows: Dukes' stage was divided into Dukes A/B vs CID; tumour localization in the colon into rightsided (from caecum to splenic flexure) and left-sided (from splenic flexure to the end of the rectum): diameter of the tumour into < 4 cm vs > 4 cm: tumour differentiation into wellmoderately vs poorly differentiated; and gender into men vs women. The cut-off points of the age and the significant SOD parameters were determined by slowly increasing the level until the point of best discrimination was found. i.e. the optimal dichotomization.
Univariate survival analysis was performed with the Cox proportional hazard model (Cox. 1972) . using the SPSS 6.0 statistical Briish Joumal of Cancer (1998) 78(8), [1051] [1052] [1053] [1054] [1055] [1056] [1057] 0 Cancer Research C-ampaign 1996
40-E Normal mucosa *Carcinornas Multivariate survival analvses were performed usinc the Cox proportional hazards method by separately addinc the significant SOD variables to the six dichotomized clinicopathological parameters (i.e. age and gender of the patients. and Dukes' stage. diameter. differentiation and localization of the tumours). Overall survival curves were constructed using, the method of Kaplan and Meier (1958) . The statistical significance of the difference in survival of the groups was calculated using the log-rank test.
Differences were considered significant w-hen the P-value was .0.05.
RESULTS

Mn-SOD and Cu/Zn-SOD concentrations
The Mn-SOD content of the carcinomas (714 + 34 ne m-1 protein. n = 156) was found to be significantly (P < 0.0005) higher than that of the normal mucosa (257 + " no mg-' protein. n = 150). Despite an overlap in the absolute Mn-SOD level between carcinomas and normal mucosa (Figure 1 ). a largue majority (82.5%) of the tumours had a higher level than their correspondinc normal mucosa. Concerning the Cu/Zn-SOD content. there was no significant difference between the mean level of the carcinomas (527 ± 19 ng mg-1 potein. n = 155) and that of the normal mucosa (535 ± 17 ng, mg-1 protein. n = 149).
When the nornal mucosa and carcinomas w-ere divided into two subgroups according, to the survival or the dichotomized clinicopathological parameters. no significant differences in Mn-SOD concentration were noticed. There were also no significant differences in the Cu/Zn-SOD level except for the concentration of the poorly differentiated carcinomas. w-hich was significantly lower than that of the well/moderatel differentiated carcinomas (Table 1) .
SOD concentrations and survival
Optimal dichotomization of the Mn-SOD concentration of the carcinomas resulted in two cut-offpoints. at 330 and 975 ng mg-1 protein.
At both cut-off points. a high Mn-SOD level of the carcinomas u as associated with a relatively poor survival of the patients in the Britsh Joumal of Carncer (1998) 78 (8), [1051] [1052] [1053] [1054] [1055] [1056] [1057] Superoxide disrnutases and colorectal cancer survival 1055 who did not receive an additional therapy (27.0% vs 52.5%). However. there was no difference in the Mn-SOD content of the carcinomas between these two groups of patients [751 ± 70 (n = 36) vs 699 ± 44 ng mg-' protein (n = 96) respectively]. From the 32) patients who had had additional radio-and/or chemotherapy. nine were still alive and 23 had died at the end of follow-up. Between the carcinomas of these patients. there was a remarkable. though not statistically significant (P = 0.14). difference in the Mn-SOD content. respectively 591 ± 139 and 841 ±86 ng mg-' protein.
DISCUSSION
Colorectal carcinomas were found to be associated with a significant increase in the Mn-SOD content compared with the nonnal mucosa.
whereas there was no significant difference in the Cu/Zn-SOD content between the normal mucosa and carcinomas. In addition. the Mn-SOD level in the tumours was found to be an independent prognostic indicator for the overall survival of the patients. An increased level of ROMs in colorectal cancer development and/or stimulation by cytokines. such as TNF or interleukin 1. produced by the cancerous cells themselves or by infiltrating macrophages. probably act as autocrine factors to induce Mn-SOD in the carcinomas (Wong and Goeddel. 1988 : Salim. 1992 : Valentine and Nick. 1992 : Mohnenti et al. 1993 : Qureshi et al. 1994 . Yoshimi et al. 1994 : Warner et al. 1996 . Although the exact mechanisms that cause the alterations in the antioxidant enzyme levels. particularly Mn-SOD. in cancer are not yet known (as reviewed by Oberley and Oberley. 1997) . they may be clinically highly relevant with regard to patient selection and the administration and development of (neo-)adjuvant therapy in colorectal cancer.
Except for the Cu/Zn-SOD content of poorly differentiated carcinomas. which appeared to be lower than that of well-differentiated or moderately differentiated carcinomas. no association between the Mn-SOD and Cu/Zn-SOD content of the carcinomas and any of the six assessed clinicopathological parameters was noticed. indicating their independent regulation. Optimal dichitomization of the Mn-SOD content of the carcinomas in relation to survival resulted in two cut-off points. The Mn-SOD parameter could thus be analysed either as a dichotomized parameter or as a variable comprising three categories. Univariate analysis of this Mn-SOD parameter revealed a significant association between a high Mn-SOD antigen content of the colorectal carcinomas and a relatively poor 5-year overall survival. In contrasts for the Cu/Zn-SOD content of the carcinomas. it was not possible to identify a cut-off point discriminating between survivors and non-survivors. Multivariate Cox's proportional hazard analysis with the six dichotomized clinicopathological parameters (gender. age. localization. differentiation grade. diameter and Dukes' stage) revealed only staging and patient age as independent prognostic variables. Adding the Mn-SOD content of the carcinomas as a parameter to this multivariate model revealed. for the first time. the independent prognostic value of Mn-SOD for the overall 5-year survival of patients with colorectal cancer.
Recognition of prognostic factors is of great significance for outcome prediction and treatment planning in colorectal cancer. which is the second leading cause of cancer-related death in the Western world. The Dukes' pathological staging system. either in its original or in its modified fomi. is still the most powerful predictor of final outcome in colorectal cancer patients against which all other prognostic factors in colorectal cancer should be assessed. This pathological staging system. based upon tumour invasiveness. lymph node involvement and distant metastases. is also the basis for advocating additional therapy after radical surgery. offering adjuvant chemo-. immuno-and/or radiotherapy only to those patients with prognostically less favourable disease (Jass et al. 1986 : Beahrs. 1992 : Deans et al. 1992 : Ponz de L6on et al. 1992 . However. until now these therapeutic modalities have been successful only in a minority of the cases. and the overall survival rate of colorectal cancer has not improved dramatically in the last decade (Bosman. 1995) . Therefore. it is of crucial impotance to identify additional prognostic parameters that also relate to treatment response. enabling better patient selection for adjuvant therapy.
Little is known from the literature about the prognostic value of endogenous antioxidants. including SOD. to the survival of (colorectal) cancer patients. Ofner et al (1994) Furthermore. an increased SOD activity level of carcinomas was found to be associated with the malignant intensity of colorectal carcinomas (Satomi et al. 1995) . In our present study, however. we could not demonstrate any significant association between the Mn-SOD content of the carcinomas. primarily localized in the malignant epithelial cells (unpublished observation). and the malignancy parameters of the tumour (i.e. Dukes' stage, differentiation grade. diameter. etc.). Very recently. Landriscina et al ( 1996) reported enhanced expression of Mn-SOD. evaluated by Western blotting and immunohistology. in neuroepithelial brain tumours which correlated with the grade of differentiation. Furthermore. they indicated that a low Mn-SOD level in glioblastomas was associated with a longer survival and a high level with a shorter survival of the patients. Interestingly. one of these brain tumours was found to be a metastasis of colon cancer which expressed a high level Mn-SOD. Our study extends these observations. indicating that colorectal tumours are not only characterized by increased Mn-SOD levels but that this SOD isoform also acts as a functionally relevant and independent prognostic parameter to the overall survival of these patients.
Because ROMs may be involved in the mechanism(s) by which several anti-cancer treatments. including chemotherapy. immunotherapy. photodynamic therapy and radiotherapy. exert their therapeutic effect (Oberley and Buettner. 1979 : Petkau. 1987 : Oberley. 1990 : Sangeetha et al. 1990 . it can be hypothesized that a relatively high Mn-SOD level of the colorectal carcinomas in our study contributes to tumour cell resistance and therapy insensitivity resulting in a poor clinical outcome. In support of this hypothesis. Nakano et al (1996) with a significantly poorer survival than those negative for Mn-SOD. Also. other studies have shown that SOD protects cells in tissue and laboratory animals against the harmful (side-)effects of ionizing radiation (Petkau, 1987; Eastgate et al, 1993; Hirose et al, 1993; Wong, 1995) , cytokines (Wong et al, 1989; Hauser et al, 1990 ; Hirose et al, 1993; Kizaki et al. 1993) , and several anticancer drugs (Hirose et al, 1993; Zyad et al, 1994) . It is supposed that Mn-SOD removes toxic superoxide radicals and protects against the damaging effects of these oxygen radical-mediated treatments. In our study, there was no significant difference in the Mn-SOD content of the carcinomas between those patients who received additional treamnt and those who did not after the primary surgical resection, within the subgroup of patients with Dukes' stage B or C. The relatively poor survival of the patients who did receive additional teatment, because of the clinicopathological indication of incomplete resection and/or tumour recurrence, was to be expected. The observation that the patients who were given additional radio-and/or chemotherapy and were still alive at the end of follow-up had considerable lower tumour Mn-SOD levels than those who had died, however, conveys the impression that this SOD isofonn contributes to therapy resistance in colorectal cancer.
In conclusion, the increased Mn-SOD content of colorectal carcinomas can be regarded as an independent prognostic parameter for overall survival in colorectal cancer. Further larger studies, for example in which the Mn-SOD content of carcinomas or cell lines will be related to (adjuvant) therapy sensitivity and efficacy, are necessary to elucidate the underlying mechanism.
